WORLD INTELLECTUAL PROPERTY ORGANIZATION 
Internationa] Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 
F25J 1/02 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 97/13109 

10 April 1997(10.04.97) 



(21) International Application Number: PCT/GB96702443 

(22) International Filing Date: 4 October 1996 (04.10.96) 



(30) Priority Data: 

9520356.8 
9520303.0 
9520348.5 
9520349.3 



5 October 1995 (05.10.95) GB 

5 October 1995 (05.10.95) GB 

5 October 1995 (05.10.95) GB 

5 October 1995 (05.10.95) GB 



(71) Applicant (for all designated States except US): BHP PETRO- 
LEUM PTY. LTD. (AU/AU); Level 1 1, 120 Collins Street, 
Melbourne, VIC 3000 (AU). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): DUBAR, Christopher Al- 
^37S°(AU) GB/AU1; Balcombc Road ' Beaumaris, 

(74) Agents: CURTIS, Philip, Anthony et al.; A.A. Thornton & Co., 
Wa^LE^^ 303-306 High Holbom, London 



(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE. 
HU, IL, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, 
LT, LU. LV, MD, MG, MK. MN, MW, MX, NO. NZ, PL, 
PT. RO, RU, SD, SE, SG. SI, SK, TJ. TM, TR. TT, UA, 
UG. US, UZ. VN, ARIPO patent (KE. LS, MW, SD, SZ. 
UG), Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, 
TM), European patent (AT, BE, CH, DE, DK, ES, FI, FR, 
GB, GR, IE, IT, LU, MC. NL, PT, SE), OAPI patent (BF. 
BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TO, TG) 

Published 

With international search report. 



(54) Title: LIQUEFACTION PROCESS 
(57) Abstract 

A natural gas liquefaction process comprises 
passing natural gas through a series of heat exchangers 
(150, 151, 153) in countercurrem relationship with a 
gaseous refrigerant circulated through work expansion 
cycle. The work expansion cycle comprises compress- 
ing the refrigerant, dividing and cooling the refrigerant 
to produce at least first and second cooled refrigerant 
streams (126, 128), substantially isentropically expand- 
ing the first refrigerant stream (126) to a coolest refrig- 
erant temperature, substantially isentropically expand- 
ing the second refrigerant stream (128) to an interme- 
diate refrigerant temperature warmer than said coolest 
refrigerant temperature, and delivering the refrigerant 
in the first and second refrigerant streams (126, 128) to 
a respective heat exchanger (153, 151) for cooling the 
natural gas through corresponding temperature ranges. 
The refrigerant in the first stream (126) is isentropically 
expanded to a pressure at least 10 times greater than 
the total pressure drop of the first refrigerant stream 
across said series of heat exchangers (ISO, 151, 153) 
said pressure being in the range of 1,2 to 2.5 MPa. 
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LIQUEFAP.TION PROCESS 

This invention relates to a liquefaction process, and more particularly 
relates to a natural gas liquefaction process. 
5 Natural gas is obtained from gas, gas/condensate and oil fields occurring 

in nature, and generally comprises a mixture of compounds, the most predominant of 
which is methane. Usually, natural gas contains at least 95% methane and other low 
boiling hydrocarbon (although it may contain less); the remainder of the composition 
comprises mainly nitrogen and carbon dioxide. The precise composition varies widely, 
1 0 and may include a variety of other impurities including hydrogen sulphide and mercury. 

Natural gas may be "lean" gas or "rich" gas. These terms do not have a 
precise meaning, but it is generally understood in the art that a lean gas will tend to 
have less higher hydrocarbons than a rich gas. Thus, a lean gas may contain little or no 
propane, butane or pentane, whereas a rich gas would contain at least some of these 
15 materials. , 

Since natural gas is a mixture of gases, it liquefies over a range of 
temperatures; when liquefied, natural gas is called "LNG" (liquefied natural gas). 
Typically, natural gas compositions will liquefy, at atmospheric pressure, in the 
temperature range -165X to -155'C. The critical temperature of natural gas is about 
20 -90-C to -80-c. which means that in practice it cannot be liquefied purely by the 
application of pressure: it must be also be cooled below the critical temperature. 

Natural gas is often liquefied before being transported to its point of end 
use. Liquefaction enables the volume of natural gas to be reduced by a factor of about 
600. The capital costs, and running costs, of the apparatus required to liquefy the 
25 natural gas is very high, but not as high as the cost of transporting unliquefied natural 
gas. 

The liquefaction of natural gas can be carried out by cooling the gas in 
countercurrent heat exchange relationship with a gaseous refrigerant rather than with 
the liquid refrigerants used in conventional liquefaction methods, such as th cascade 
30 or propane-precooled mixed refrigerant processes. At least part of the refrigerant is 
passed through a refrigeration cycle which involv s at I ast one compression step and 
at least one expansion step. Before the compression st p, the refrigerant is usually at 
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ambient temperature (ie the temperature of the surrounding atmosphere). During the 
compression step, the refrigerant is compressed to a high pressure, and is warmed by 
the compression process. The compressed refrigerant is then cooled with the ambient 
air, or with water if there is a water supply available, to return the refrigerant back to 
ambient temperature. The refrigerant is then expanded in order to cool it further. There 
are basically two methods of achieving the expansion. One method involves a throttling 
process, which may take place through a J-T valve (Joule-Thomson valve), wherein the 
refrigerant is expanded substantially isenthalpically. The other method involves a 
substantially isentropic expansion, which may take place through a nozzle, or, more 
usually, through an expander or turbine. The substantially isentropic expansion of the 
refrigerant is known in the art as "work expansion". When the refrigerant is expanded 
through a turbine, work may be recovered from the turbine: this work can be used to 
contribute to the energy required to compress the refrigerant. 

It is generally recognised that work expansion is more efficient than 
throttling (a greater temperature drop can be achieved for the same pressure reduction), 
but the equipment is more expensive. As a result most processes usually use only work 
expansion, or a mixture of work expansion and throttling. 

When natural gas of a particular composition is cooled at a constant 
pressure, then for any given temperature of the gas there will be a particular value for 
the rate of change of enthalpy (Q) of the gas. The temperature (T) can be plotted 
against Q to produce a "cooling curve" for natural gas. The cooling curve is highly 
dependent upon pressure: if the pressure is below the critical pressure, then the T/Q 
cooling curve is highly irregular, ie. it contains several portions of different gradient, 
including a portion of zero, or close to zero, gradient. With increases in pressure, 
particularly above the critical pressure, the T/Q cooling curve tends towards a straight 



line 



Reference is now made to Figure 1, which is a graph of temperature vs. 
rate of change of enthalpy for the cooling of natural gas below and above critical 
pressure. The curve A, which is for the cooling of natural gas below critical pressure, will 
be consid red in more detail. The curve A has a characteristic shape, which can be 
divided into a number of regions. Region 1 has a constant gradi nt and represents the 
sensible cooling of th gas. Region 2 has a decreasing gradient and is below the dew 
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point temperature of the gas as heavier components begin to condense. Region 3 
corresponds to the bulk liquefaction of the gas and has the lowest gradient in the curve: 
the curve in this portion is almost horizontal. Region 4 has an increasing gradient and 
is above the bubble point temperature of the liquid as the lightest components are 
condensed. Region 5 is below the bubble point temperature and is of a constant 
gradient, which is greater than the gradient of regions 3 and 4. Region 5 corresponds 
to the sensible cooling of the liquid; this is known as the "sub-cooling" region. 

Reference is now made to Figure 2 of the drawings, which is a graph of 
T/Q showing the combined cooling curve for natural gas and nitrogen, for a natural gas 
pressure of about 5.5 MPa. The graph also shows the warming curve for nitrogen over 
the same temperature range. This graph is representative of a liquefaction system in 
which natural gas is cooled in a series of heat exchangers by a simple nitrogen 
expander cycle. The nitrogen refrigerant exiting the series of heat exchangers is 
compressed, cooled with ambient air. cooled to about -152'C by work expansion, then 
fed to the cold end of the series of heat exchangers. The nitrogen refrigerant is pre- 
coded, before work expansion, by being passed through at least one heat exchanger 
at the warm end of the series of heat exchangers; thus, the cooling curve is a combined 
natural gas/nitrogen cooling curve. 

The gradient of the cooling and warming curves at any particular point in Figure 
2 is dT/dQ. It is well known in the liquefaction field that the most efficient process is one 
which, for any given value of Q. the corresponding temperature on the cooling curve of 
the natural gas is as close as possible to the corresponding temperature on the wanning 
curve of the refrigerant. This has the implication that dT/dQ for the cooling curve of the 
natural gas is as close as possible to dT/dQ for the warming curve of the refrigerant. 
However, for any given Q. the closer the temperature of the natural gas and the 
refrigerant, the higher the surface area needed for the heat exchanger. Thus, there has 
to be a certain trade off between minimising the temperature difference, and minimising 
the heat exchanger surface area. For this reason, it is generally preferred that for any 
given Q. the temperature of the natural gas is at least 2'C higher than that of the 
refrigerant. 

In figure 2, the nitrogen warming curve is approximately a single straight line (ie, 
it has constant gradient). This is r pr sentative of a single stage refrig rati n cycle. 
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wherein the all the refrigerant nitrogen is cooled by work expansion to a low temperature 
of about -160-C to -140'C. and is then passed in countercurrent heat exchange 
relationship with the natural gas. It is clear that at most parts of the T/Q curve there is 
a large temperature difference between the natural gas and the nitrogen refrigerant, and 
this indicates that the heat exchange is highly inefficient. 

It is also known that the gradient of the warming curve of the refrigerant 
can be altered by changing the flow rate of the refrigerant through the heat exchangers: 
specifically, the gradient can be increased by decreasing the refrigerant flow rate. In the 
system shown in figure 2 it is not possible to decrease the nitrogen flow rate, because 
the increase in gradient will cause the nitrogen warming curve to intersect with the 
natural gas cooling curve. An intersection of the two curves is indicative of a 
temperature "pinch" or "cross-over" in the heat exchanger between the nitrogen and the 
natural gas, and under this condition it is impossible for the process to work. 

However, if the nitrogen flow is split into two streams it is possible to make 
the nitrogen warming curve change from a single straight line into two intersecting 
straight line portions of different gradient. An example of such a process is disclosed 
in US Patent No. 3,677,019. This specification discloses a process in which the 
compressed refrigerant is split into at least two portions, and each portion is cooled by 
work expansion. Each work expanded portion is fed to a separate heat exchanger for 
cooling the gas to be liquefied. This causes the refrigerant warming curve to comprise 
at least two straight line portions of different gradient. This aids in the matching of the 
warming and cooling curves and improves the efficiency of the process. This 
specification was published over twenty years ago, and the process disclosed therein 
is inefficient by modern standards. 

In US Patent No. 4,638,639 there is disclosed a process for liquefying a 
permanent gas stream, which also involves splitting the refrigerant stream into at least 
two portions in order to match the cooling curve of the gas to be liquefied with the 
warming curve of the refrigerant. The outlet of all the expanders in this process is at a 
pressure above about 1 MPa. The specification suggests that such high pressures 
increase th sp cific heat of the refrigerant, thereby improving the efficiency of the 
refrigerant cycle. In order to realise an efficiency improv m nt it is necessary for the 
refrigerant to be at, or near, its saturation point at the outlet of one of the expanders, 
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because the specific heat is higher near to saturation. If the refrigerant is at the 
saturation point, then under these conditions there will be some liquid in the refrigerant 
that is fed to the heat exchangers. This leads to additional expense, because either the 
heat exchanger needs to be modified in order to handle a two-phase refrigerant, or the 
5 refrigerant needs to be separated into liquid and gaseous phases before being fed to 
the heat exchanger. 

US Patent No. 4,638,639 is primarily concerned with processes in which 
the refrigerant comprises a portion of the gas to be liquefied, ie the refrigerant is the 
same as the gas to be liquefied. The specification is particularly concerned with a 

10 system in which nitrogen is liquefied using a nitrogen refrigerant. The specification does 
not specifically disclose a process in which natural gas is cooled by nitrogen, nor would 
it be expected to be useful in such a process, because ail modern large-scale processes 
for liquefying natural gas use a mixed refrigerant cooling cycle. Furthermore, in US 
Patent No. 4,638,639 the gas being liquefied is cooled to a temperature just below its 

15 critical temperature. A series of three J-T valves are provided to sub-cool the gas being 
liquefied. 

The earliest refrigerant cycle used for the liquefaction of natural gas was 
the cascade process. Natural gas can be cooled in the cascade process by successive 
cooling with, for example, propane, ethylene and methane refrigerants. The mixed 

20 refrigerant cycle, which was developed later, involves the circulation of a multi 
component refrigerant stream, usually after precooling to -30'C with propane. The 
nature of the mixed refrigerant cycle is such that the heat exchangers in the process 
must routinely handle the flow of a two phase refrigerant. This requires the use of large, 
specialised heat exchangers. The mixed refrigerant cycle is the most thermodynamically 

25 efficient of the previously known natural gas liquefaction processes: it enables the 
warming curve of the refrigerant to be closely matched to the cooling curve of the 
natural gas over a wide temperature range. Examples of mixed refrigerant processes 
are disclosed in US Patent Nos. 3,763,658 and 4,586,942, and in European Patent No 
87,086. 

30 0ne <* tne ™asons for the widespread use of the mixed refrigerant cycle 

in the cooling of natural gas is the efficiency of that process. The installation of a typical 
mix d refrig rant liquefaction plant for natural gas would cost upward of $US 
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1,000,000,000, but the high cost can be justified by the efficiency gains, in order to be 
cost effective through economy of scale the mixed refrigerant plants typically need to 
be able to produce at least 3 million tonnes of LNG per annum. 

The size and complexity of mixed refrigerant liquefaction plants is such 
that, to date, they have all been constructed, and located, on land. Due to the size of 
natural gas liquefaction plants, and the requirement for deep water harbours, they 
cannot always be located near to the natural gas fields. Gas from the natural gas fields 
is usually transported to the liquefaction plant by pipeline. In the case of offshore 
natural gas fields, there are severe practical limitations on the maximum length of the 
pipeline. This means that offshore natural gas fields that are more than about 200 miles 
from land are seldom developed. 

According to the present invention there is provided a natural gas 
liquefaction process comprising passing natural gas through a series of heat 
exchangers in countercurrent relationship with a gaseous refrigerant circulated through 
a work expansion cycle, said work expansion cycle comprising compressing the 
refrigerant. 1 dividing and cooling the refrigerant to produce at least first and second 
(fooled refrigerant streams, substantially isentropically expanding the first refrigerant 
stream to a coolest refrigerant temperature, substantially isentropically expanding the 
second refrigerant stream to an intermediate refrigerant temperature warmer than said 
coolest refrigerant temperature, and delivering the refrigerant in the first and second 
refrigerant streams to a respective heat exchanger for cooling the natural gas through 
corresponding temperature ranges, wherein the refrigerant in the first stream is 
isentropically expanded to a pressure at least 10 times greater than, and usually more 
than 10 times greater than, the total pressure drop of the first refrigerant stream across 
said series of heat exchangers, said pressure being in the range 1 .2 to 2.5 MPa. 

Preferably, the refrigerant is compressed to a pressure in the range 5.5 
to 10 MPa. It is preferred that the first stream is isentropically expanded to a pressure 
in the range 1.5 to 2.5 MPa. 

The refrigerant in the first stream is preferably isentropically expanded to 
a pressure at least 20 tim s gr ater than the total pressure drop of the first refrigerant 
stream across said s ries of heat exchangers. It is possible to operate th process such 
that the first stream is isentropically expand d to a pressure at least 100 times greater 
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than the total pressure drop of the first refrigerant stream across said series of heat 
exchangers. However, for most practical installations the refrigerant in the first stream 
will be isentropically expanded to a pressure not more than 50 times greater than the 
total pressure drop of the first refrigerant stream across said series of heat exchangers. 
5 It has been found that there are important advantages to be gained by 

operating the expanded refrigerant stream at a pressure in the range 1.2 MPa to 2.5 
MPa: at these high pressures, the volume of refrigerant for the same mass flow is 
reduced, which enables the size of the equipment to be reduced. This is clearly very 
important for offshore locations where space is at a premium. 
10 There is another unexpected advantage from operating the process so 

that the refrigerant is isentropically expanded to pressures above 1 2 MPa The 
pressure drop in the series of heat exchangers discharges back to a compressor or 
senes of compressors provided to compress the refrigerant gas, and this increases the 
power required for the cycle. A typical pressure drop across the series of heat 
15 exchangers would be 100 kPa; this has a much bigger effect on the compression ratio 
of* compressor operating at 0.5 MPa suction pressure compared with a compressor 
operatmg at 2.0 MPa suction pressure. For the 0.5 MPa suction pressure the 1 00 kPa 
pressure drop increases the compression ratio by 20%. whereas for the 2 0 MPa 
suction pressure the same 1 00 kPa pressure drop increases the compression ratio by 
20 only 5%. 

The optimum pressure to which the coolest refrigerant stream is expanded 
depends upon the pressure to which the refrigerant is compressed, the available change 
-n pressure drop in the heat exchangers in the series, the cost of the heat exchangers 
and the number of parallel heat exchanger cores that are feasible. For example if the 

25 refngerant is compressed to about 5.5 MPa with a heat exchanger pressure drop of 100 
kPa, then the optimum pressure of the expanded coolest refrigerant stream is about 17 
MPa; but if the heat exchanger pressure drop is about 60 kPa, then the ootimum is 
lower, perhaps 12 MPa. If the refrigerant pressure 100 MPa, then the optimum pressure 
wll be h,gher, in the rang 20 to 25 MPa (THIS IS PROBABLY INCORRECT - PLEASE 

30 ADVISE). Although further b neflts might be expected by increasing th pr ssure 
beyond 25 MPa, higher pressure results in th onset of saturation, which is preferably 
avoided. 3 
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ln one particularly desirable embodiment the refrigerant is compressed to 
a pressure in the range 7.5 to 9.0 MPa, the refrigerant in the first refrigerant stream is 
expanded to a pressure in the range 1.7 to 2.0 MPa, and the refrigerant in the first 
stream is isentropically expanded to a pressure in the range 1 5 to 20 times the total 
pressure drop of the first refrigerant stream across said series of heat exchangers. 

Desirably the series of heat exchangers includes a final heat exchanger 
that receives refrigerant from the first refrigerant stream, the relative flowrates of the first 
and second refrigerant streams are such that the warming curve for the refrigerant 
comprises a plurality of segments of different gradient, the refrigerant is warmed in said 
final heat exchanger to a temperature below -80'C, and the coolest refrigerant 
temperature and the flowrate of refrigerant in said first refrigerant stream are such that 
a part of the refrigerant warming curve relating to the final heat exchanger is at all times 
within 1 to 10-C. preferably within 1 to 5°C. of the corresponding part of the cooling 
curve for the natural gas. 

It is desirable that the first refrigerant stream is combined with the second 
refrigerant stream after the first refrigerant stream has passed through the final heat 
-exchanger, and said combined first and second refrigerant streams are delivered to the 
intermediate heat exchanger. 

It is particularly preferred that the coolest refrigerant temperature is no 
greater than -130°C, whereby the natural gas is sub-cooled substantially in said series 
of heat exchangers. Most preferably, the coolest refrigerant temperature is in the range 
-140°CtO-160°C. 

In practice, the second refrigerant stream is usually isentropically 
expanded to a pressure within 0.05 MPa of the pressure to which the first refrigerant 
stream is isentropically expanded. 

In a preferred embodiment, the step of passing the natural gas through a 
series of heat exchangers comprises passing the natural gas through an initial heat 
exchanger for cooling the natural gas to a first temperature, through at least one 
intermediate heat exchanger for cooling the natural gas to a second temperature lower 
than the first temperature, and a through final heat exchanger for cooling the natural gas 
to a third temp rature lower than the second temperature, said third temperature being 
low enough to liqu fy the natural gas at pressur s below the critical pr ssur of the 
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natural gas series. The coolest refrigerant temperature must be lower than the third 
natural gas temperature, and the first refrigerant stream is preferably passed through 
the final heat exchanger, thereby warming the first refrigerant stream and cooling the 
natural gas; it is further preferred that the first refrigerant stream is warmed to a 
temperature substantially equal to said intermediate refrigerant temperature. 

In a preferred embodiment the refrigerant is cooled between the 
compression and isentropic expansion steps to a temperature in the range -1 0 to 20° C 
by countercurrent heat exchange with a liquid coolant; preferably the liquid coolant is 
water or a solution of glycol and water, and the coolant is preferably cooled by a small 
self-contained refrigeration system using Freon, propane or ammonia. This cooling 
preferably takes place before the refrigerant is divided into said first and second 
streams. The refrigerant is preferably further cooled in said initial heat exchanger, prior 
to being divided into said first and second refrigerant streams. It is also preferable that 
the first stream of refrigerant is further cooled in the intermediate heat exchanger. It is 
usual to cool the refrigerant immediately after compression using air or cooling water 
at ambient temperatures. 

y 

The process is usually operated such that the temperature of each 
refrigerant stream after each isentropic expansion is greater than 1-2°C above the 
saturation temperature of the refrigerant. Under these conditions, the refrigerant is well 
into the single phase, and is not close to saturation, there will be substantially no liquid 
in the isoentropically expanded refrigerant portions. However, there may be 
circumstances when it is desirable to operate the process such that a small amount of 
liquid is formed during expansion. For example, if the refrigerant comprises nitrogen with 
up to 10 vol% methane, preferably 5-10 vol% methane, then the process will be most 
25 efficient if some liquid is allowed to form during expansion. 

It is preferred that the ratio of the pressure of the refrigerant, immediately 
prior to the isentropic expansion, to the pressure of the refrigerant, immediately after the 
isentropic expansion, is in the range 3:1 to 6:1, more preferably 3:1 to 5:1 . 

In a preferred embodiment the first and second streams of refrigerant are 
both passed through the intermediate heat exchanger; it is particularly preferred that the 
first and second streams are recombined into a single stream prior to being passed to 
the intermediate heat xchanger. It is also pref rr d that th first and second streams 
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are passed through the initial heat exchanger. 

It is possible for the natural gas to be cooled by the refrigerant in further 
.ntermed.ate heat exchangers arranged upstream of the final heat exchanger However 
rt is preferred to use only one intermediate heat exchanger, because this reduces the 
complexity of the equipment, and makes it possible to achieve lower pressure drops 
across the heat exchanger train. 

It will usually be most efficient to operate the heat exchangers such that 
the temperature difference between the natural gas cooling curve and the 
corresponding part of the refrigerant warming curve is between 1 "C and 5«C Typically 
this temperature difference will be above 2"C, because smaller temperature differences 
requrre larger, more expensive, heat exchangers, and there is a greater risk that a 
temperature pinch will be inadvertently created in the heat exchanger However in 
crcumstances where there is a surplus of energy available, it can be sensible to operate 
w,th temperature differences above S'C, and perhaps as high as 10X: this enables the 
s.ze of the heat exchangers to be reduced, thereby saving capital costs. 

The natural gas has a characteristic cooling curve including a substantially 
stra.ght line portion commencing at a starting point temperature less than -80«C said 
starting point temperature depending on the pressure and composition of the natural 
gas. It is preferred that the liquefaction process according to the invention has been 
opt.rn.sed by a method comprising the steps of selecting the value of said coolest 
refngerant temperature to be from 1 X to 1CTC, preferably from r C to 5'C less than 
said th,rd temperature of the natural gas, selecting the value of said intermediate 
refrigerant temperature to be from 1 «C to 5'C less than said second temperature of the 
natural gas, and selecting the second temperature of the natural gas and said 
mtermediate refrigerant temperature to be as warm as possible, whilst observing the 
following constraints: 

(i) the intermediate refrigerant temperature is selected to be 
less than said starting point temperature; and 

(ii) the intermediate refrigerant temperature is selected to be 
sufficiently low that there are no pinch conditions created in 
any heat exchanger in the series of heat exchang rs. 

The significance of the critical temperature is that it is the temperatur 

SUBSTITUTE SHEET (RULE 26) 



WO 97/13109 



PCT/GB96/02443 



-11- 



10 



below which the cooling curve of the natural gas begins to become linear, so that it is 
possible to match very closely the warming curve of the refrigerant with the cooling 
curve of the natural gas. If the natural gas pressure were sub-critical, this linearity would 
start below the bubble point (see Figure 1), but with natural gas at supercritical pressure 
there is no bubble point. 

In practice the best value for the intermediate refrigerant temperature 
depends upon the composition of the natural gas, and its pressure. However, in general 
the optimum value for the intermediate refrigerant temperature will be in the range -85X 
to-110°C. 

Whilst it is preferred that the refrigerant is divided into two streams, 
because this is the arrangement uses the least space, it is possible to divide the 
refrigerant into three, four or more streams. Each stream may be isentropically 
expanded in parallel with the other streams. It is also possible for one or more of the 
-sentropic expansion steps to be carried out in stages using a series of isentropic 
15 expanders. 

It is preferred that the refrigerant comprises at least 50 mol% nitrogen 
more preferably at least 80 mol% nitrogen, and most preferably substantially 100 mol% 
n,trogen. Nitrogen has a substantially linear warming curve over the temperature range 
-160-C to 20-C. In one preferred embodiment the refrigerant comprises nitrogen and 
20 up to 10 vol%, preferably 5-10 vol%, methane. 

The refrigerant is ideally provided in a closed loop refrigeration cycle The 
refrigerant could be. but need not be, taken from the stream of natural gas to be 
hquefied. Make-up refrigerant can be provided from a refrigerant source external to the 
refrigerant cycle. 

25 1716 series 01 heat ^changers may comprise a series of aluminium plate- 

fin heat exchangers. Aluminium plate-fin heat exchangers can only be manufactured up 
to a certain size and a number of individual cores must be manifolded together in 
parallel to handle the flowrates involved in the process and apparatus of the present 
.nvent.on. The single phase nature of the refrigerant makes it possible for these cores 

30 to be manifolded together relatively easily, without the difficulties encountered with two 
Phase systems. However, aluminium plate-fin heat exchangers are constrained by the 
fact that the allowable design pressure decreases with increasing core size: in order to 
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maintain the number of cores to a practical limit, the natural gas pressure should be 
below about 5.5 MPa. If higher pressures are desired, then spiral wound heat 
exchangers, printed circuit heat exchangers (PCHE) or spool wound heat exchangers 
may be used instead. 

The process according to the invention may be used in an offshore 
apparatus for the liquefaction of natural gas. This apparatus is described in our 
copending PCT application of even date entitled "Liquefaction Apparatus". This 
apparatus advantageously comprises a support structure which is either floatable or is 
otherwise adapted to be disposed in an offshore location at least partially above sea 
level, and natural gas liquefaction means disposed on or in the support structure, the 
natural gas liquefaction means comprising a series of heat exchangers for cooling the 
natural gas in countercurrent heat exchange relationship with a refrigerant, compression 
means for compressing the refrigerant, and expansion means for isentropically 
expanding at least two separate streams of the compressed refrigerant, wherein said 
expanded streams of refrigerant communicate with a cool end of a respective one of the 
heat exchangers. 

The support structure may be a fixed structure, ie a structure that is fixed 
to the seabed, and is supported by the seabed. Preferred forms of fixed structure 
include a steel jacket support structure and a gravity base support structure. 

Alternatively, the support structure may be a floating structure, ie a 
structure that floats above the seabed. In this embodiment, the support structure is 
preferable a floatable vessel having a steel or concrete hull, such as a ship or a barge. 

In one preferred embodiment, the support structure is a floating production 
storage and off-loading unit (FPSO). 

Pretreatment means is usually provided for pretreating the natural gas 
before it is delivered to the liquefaction means. The pretreatment means may include 
separation stages for removing impurities, such as condensate, carbon dioxide and 
produced water. 

The natural gas liquefaction apparatus may be provided in combination 
with storag means for receiving and storing the natural gas after it has b en liquefied. 
The storage means may be provided on or in the support structure. Alternatively, the 
storage means may be provided on a separate support structur . which is eith r 
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floatable or otherwise adapted to be disposed in an offshore location at least partially 
above sea level; the separate support structure may be of the same type as or of a 
drfferent type to, the platform for the liquefaction means. It is particularly preferred that 
the support structure is a ship, and that the liquefaction means and the storage means 
5 are provided on said ship. 

In a preferred embodiment, the support structure comprises two spaced 
gravity bases, and a platform bridging said gravity bases, wherein said storage means 
comprises a storage tank provided on or in at least one of said gravity bases and 
wherein the liquefaction means is provided on or in said bridging platform. 

J 0 Means can be provided for connecting said apparatus to a subsea well 

whereby the natural gas can be delivered to the liquefaction means at a pressure above 
5.5 MPa, said pressure being derived directly or indirectly from the pressure in the 
subsea we... To facilitate this, the apparatus according to the invention can be located 
sufficiently close to the natural gas producing formation that the pressure of the natural 

15 gas ,n the series of heat exchangers can be provided substantially entirely by the 
pressure inherent in the natural gas producing formation. In certain gas fields, some of 
the gas may be recompressed for re-injection, and therefore may be available at very 
hrgh pressure if passed through the re-injection apparatus before being passed to the 
liquefaction means. 

20 The process according to the invention can be used to produce LNG on 

a commercial scale, typically 0.5 to 2.5 million tonnes of LNG per annum. In an offshore 
natural gas liquefaction apparatus comprising two series of heat exchangers each in 
a cold box, it is possible to produce around 3 million tonnes/annum of LNG The heat 
exchanger trains, including power generators and other associated equipment can be 

25 fitted on a single platform of about 35m by 70m, having a weight around 9000tonnes 
Th.s s,ze is small enough for the liquefaction means to be installed on an offshore 
production platform or a floating production and storage vessel. 

The use of the present invention to liquefy gas at an offshore location has 

anurr^ofadvarrtages.Theequipmentissimple r particularlycomparedwithth mix d 
30 refrigerant cycle; the refrigerant can be non-flammable; a relatively small amount of 
space is required; and the invention can be op rated entirely with known, readily 
available equipment. 
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Reference is now made to the accompanying drawings in which: . 
Figure 1 is a graph of temperature vs. rate of change of enthalpy showing 
the cooling curve of natural gas above and below critical pressure; 

Figure 2 is a graph of temperature vs. rate of change of enthalpy showing 
the combined cooling curve for natural gas and nitrogen, and the warming curve for 
nitrogen, in a simple expander process; 

Figure 3 is a schematic diagram showing one embodiment of apparatus 
for the process according to the present invention; 

Figure 4 is a graph of temperature vs. rate of change of enthalpy showing 
the combined cooling curve for natural gas and nitrogen, and the warming curve for 
nitrogen for the process illustrated in Figure 3, when the natural gas has a lean gas 
composition and the natural gas pressure is about 5.5 MPa; 

Figure 5 is a graph of temperature vs. rate of change of enthalpy showing 
the combined cooling curve for natural gas and nitrogen, and the warming curve for 
nitrogen for the process illustrated in Figure 3, when the natural gas has a rich gas 
composition and the natural gas pressure is about 5.5 MPa; 

Figure 6 is a schematic diagram of another embodiment of apparatus for 
the process according to the present invention; 

Figure 7 is a graph of temperature vs. rate of change of enthalpy showing 
the combined cooling curve for natural gas and nitrogen, and the warming curve for 
nitrogen for the process illustrated in Figure 6, in which the natural gas has a lean gas 
composition and the natural gas pressure is about 5.5 MPa; 

Figure 8 is a graph of temperature vs. rate of change of enthalpy showing 
the combined cooling curve for natural gas and nitrogen, and the warming curve for 
nitrogen for the process illustrated in Figure 6, in which the natural gas has a rich gas 
composition and the natural gas pressure is about 7.7 MPa; 

Figure 9 is a graph of temperature vs. rate of change of enthalpy showing 
the combined cooling curve for natural gas and nitrogen, and the warming curve for 
nitrogen for the process illustrated in Figure 6, in which the natural gas has a rich gas 
composition and the natural gas pressure is about 8.3 MPa; 

Figure 10 is a schematic diagram of on embodim nt of a natural gas 
liquefaction apparatus according to the present invention; 
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Figure 1 1 is a schematic diagram of another embodiment of a natural gas 
liquefaction apparatus according to the present invention; 

Figure 12 is a schematic diagram of another embodiment of a natural gas 
liquefaction apparatus according to the present invention; 

Figure 13 is a schematic diagram of one embodiment of a part of the 
apparatus shown in Figures 10 to 12; and 

Figure 14 is a schematic diagram of another embodiment of a part of the 
apparatus shown in Figures 10 to 12. 

Figures 1 and 2 have already been discussed above. Referring to Figure 
3, an apparatus for liquefying natural gas is shown. Lean natural gas, at a pressure of 
about 5.5 MPa, is fed from a pre-treatment plant (not shown) to conduit 1 . The natural 
gas in conduit 1 comprises 5.7 mol% nitrogen, 94.1 mol% methane and 0.2 mol% 
ethane. Various pre-treatment arrangements are known in the art and the exact 
configuration depends on the composition of the natural gas recovered from the ground, 
including the level of undesirable contaminants. Typically the pre-treatment plant would 
remove carbon dioxide, water, sulphur compounds, mercury contaminants and heavy 
hydrocarbons. 

The natural gas in conduit 1 is fed to heat exchanger 66. where it is cooled 
to 10-C with chilled water. The exchanger 66 could be provided as part of the pre- 
treatment plant. In particular, the exchanger could be provided upstream of a water 
removal unit of the pre-treatment plant, in order to allow condensation and separation 
of the water contained in the natural gas, and to minimise the size of equipment. 

The natural gas exiting the heat exchanger 66 is fed to conduit 2 from 
where it is passed to the warm end of a series of heat exchangers comprising an initial 
heat exchanger 50, two intermediate heat exchangers 51 and 52, and a final heat 
exchanger 53. The series of heat exchangers 50 to 53 serves to cool the natural gas to 
a temperature sufficiently low that it can be liquefied when flashed to a pressure (usually 
about atmospheric pressure) below the critical pressure of the natural gas. 

The natural gas in conduit 2, at a temperature of about 10°C, is first f d 
to the warm ndofth heat xchanger 50. The natural gas is cooled in heat exchanger 
50 to -23.9-C, and is passed from the cool end of the xchanger 50 to a conduit 3. The 
natural gas in conduit 3 is fed to the warm end of the exchanger 51 . in which it is cooled 
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to a temperature of -79.6'C. The natural gas exits the cool end of the exchanger 51 into 
a conduit 4, from which it is fed to the warm end of the exchanger 52. The exchanger 
52 cools the natural gas to a temperature of -102°C, and natural gas exits the cool end 
of exchanger 52 into a conduit 5. The natural gas in conduit 5 is fed to the warm end of 
exchanger 53, in which it is cooled to a temperature of -146°C. The natural gas exits the 
cool end of the exchanger 53 into a conduit 6. 

The natural gas in conduit 6 is fed to the warm end of a heat exchanger 
54, in which it is cooled to a temperature of about -158°C. and it exits the cool end of 
the exchanger 54 into a conduit 7. The natural gas in conduit 7, which is still at 
supercritical pressure, is fed to a liquid expansion turbine 56 in which the natural gas 
is substantially isentropically expanded to a pressure of about 150 kPa. In the turbine 
56 the natural gas is liquefied, and is reduced in temperature to about -166*C. The 
turbine 56 drives an electrical generator G to recover the work as electrical power. 

The fluid exiting the turbine 56 is fed to a conduit 8. This fluid is ' 
predominantly liquid natural gas. with some natural gas in the gaseous state. The fluid 
in conduit^ is fed to the top of a fractionating column 57. The natural gas feed in 
column 1 contains about 6 mol% of nitrogen: the fractionating column 57 serves to strip 
this nitrogen from the LNG. The stripping process is assisted by using the exchanger 
54 to provide reboil heat transferred from the natural gas in conduit 6. LNG is fed from 
the column 57 to conduit 67. through which the LNG is fed to the cool end of the 
exchanger 54. The exchanger 54 warms the LNG to a temperature of about -1 60"C; the 
LNG exits the warm end of the exchanger 54 into conduit 68, through which it is fed 
back to the column 57. 

Stripped nitrogen gas is fed from the top end of the column 57 to the 
conduit 9. The conduit 9 also contains a large percentage of methane gas, which is also 
stripped in the column 57. The gas in conduit 9, which is at a temperature of -166.8°C 
and a pressure of 120 kPa. is fed to the cool end of a heat exchanger 5. in which the 
gas is warmed to a temperature of about 7 6 C. The warmed gas is fed from the warm 
end of the exchanger 55 to a conduit 10, from which it is fed to a fuel gas compressor 
(not shown). The methane fed through the conduit 1 0 is us d to provide the bulk of the 
fuel gas requirem nts of the liquefaction plant. 

LNG is fed from the bottom of the column 57 to a conduit 1 1 and then to 
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a pump 58. The pump 58 pumps the LNG into a conduit 12 and on to a LNG storage 
tank (see Figures 10 and 1 1). The LNG in conduit 12 is at a temperature of -160.2'C 
and a pressure of 170 KPa. 

The nitrogen refrigeration cycle which cools the natural gas to a 
temperature at which it can liquefy will now be described. Nitrogen refrigerant is 
discharged from the warm end of the exchanger 50 into a conduit 32. The nitrogen in 
conduit 32 is at a temperature of 7.9X and a pressure of 1.14 MPa. The nitrogen is fed 
to a multistage compressor unit 59, which comprises at least two compressors 69 and 
70, with at least one intercooler 71, and an aftercooler 72. The compressors 69 and 70 
are driven by a gas turbine 73. The cooling in the intercooler 71 and the aftercooler 72 
is provided to return the nitrogen to ambient temperatures. The operation of the 
compressor unit 59 consumes almost all of the power required by the nitrogen 
refrigeration cycle. The gas turbine 73 can be driven by the fuel gas derived from 
conduit 10. 

, compressed nitrogen is fed from the compressor unit 59 to a conduit 
33 at a pressure of 3.34 MPa and a temperature of 30X. The conduit 33 leads to two 
conduits 34 and 35 between which the nitrogen from the conduit 33 is split according 
to the power absorbed by the compressor. The nitrogen in the conduit 34 is fed to a 
compressor 62 in which it is compressed to a pressure of about 5.6 MPa, and is then 
fed from the compressor 62 to a conduit 36. The nitrogen in the conduit 35 is fed to a 
compressor 63 in which it is compressed to a pressure of about 5.6 MPa. and is then 
fed from the compressor 63 to a conduit 37. The nitrogen in both the conduits 36 and 
37 is fed to a conduit 38 and then to an aftercooler 64. where it is cooled to 30X. The 
nitrogen is fed from the aftercooler 64 through a conduit 39 to a heat exchanger 65 in 
which it is cooled to a temperature of about 1 o*C by chilled water. The cooled nitrogen 
is fed from the exchanger 65 to a conduit 40, which leads to two conduits 20 and 41 ; the 
pressure in conduit 40 is 5.5 MPa. The nitrogen flowing through the conduit 40 is split 
between the conduits 20 and 41: about 2.5 mol% of the nitrogen in conduit 40 flows 
through the conduit 41. 

The nitrogen flowing through the conduit 41 is fed to the warm end of the 
heat exchanger 55, wh re it is cooled to a t mperature of about -122.7 e C. The cooled 
nitrogen is fed from the cool end of the exchanger 55 to a conduit 42. The conduit 20 
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is connected to the warm end of the heat exchanger 50, whereby the nitrogen is fed to 
the warm end of the heat exchanger 50. The nitrogen from conduit 20 is pre-cooled to 
-23.9°C in the heat exchanger 50, and is fed from the cool end of the heat exchanger 
50 to a conduit 21 . 

The conduit 21 leads to two conduits 22 and 23. The nitrogen flowing 
through the conduit 21 is split between the conduits 22 and 23: about 37 mol% of the 
total nitrogen flowing through the conduit 21 is fed to the conduit 23. The nitrogen in the 
conduit 22 is fed to a turbo expander 60. in which it is work expanded to a pressure of 
1.18 MPa and a temperature of -105.5°C. The expanded nitrogen exits from the 
expander 60 into a conduit 28. 

The nitrogen in the conduit 23 is fed to the warm end of the heat 
exchanger 51, in which it is cooled to a temperature of -79.6°C. The nitrogen exits the 
cool end of the exchanger 51 into a conduit 24, which is connected to a conduit 25. The 
conduit 42 is also connected to the conduit 25. so that the cooled nitrogen from the heat 
exchangers 51 and 55 is all fed to the conduit 25. The nitrogen in conduit 25. which is 
at a temperature of -83.rc, is fed to a turbo expander 61 in which it is work expanded 
to a pressure of 1.2 MPa and a coolest nitrogen temperature of -148»C. The expanded 
nitrogen exits from the expander 61 into a conduit 26. 

The turbo expander 60 is arranged to drive the compressor 62. and the 
turbo expander 61 is arranged to drive the compressor 63. In this way the majority of 
the work produced by the expanders 60 and 61 can be recovered. In a modification the 
compressors 62 and 63 can be replaced with a single compressor that is connected to 
the conduits 33 and 38. This single compressor can be arranged to be driven by the 
turbo expanders 60 and 61 , for example by being connected to a common shaft. 

The nitrogen in the conduit 26 is fed to the cool end of the exchanger 53 
to cool the natural gas fed to the exchanger 53 from the conduit 5 by countercurrent 
heat exchange. In the heat exchanger 53 the nitrogen is warmed to an intermediate 
nitrogen temperature of -105.5'C. The warmed nitrogen exits the warm end of the 
exchanger 53 into a conduit 27, which is connected to a conduit 29. The conduit 28 is 
also connected to the conduit 29. wh reby the nitrogen from the warm nd of the heat 
exchanger 53 is recombined with the nitrogen from the turbo expander 60. 

The nitrogen in the conduit 29, which comprises 100% of the total 
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refrigerant flow, is fed to the cool end of the heat exchanger 52. The nitrogen from the 
conduit 29 serves to cool the natural gas fed to the exchanger 52 from the conduit 4 by 
countercurrent heat exchange. The nitrogen flowing through the exchanger 52 is 
warmed by the natural gas to a temperature of -83.2X, and exits from the exchanger 
52 into a conduit 30. 

The nitrogen is fed from the conduit 30 to the cool end of the heat 
exchanger 51 , in which it serves to cool the natural gas fed to the exchanger 51 from 
the conduit 3, and serves to cool the nitrogen refrigerant fed to the exchanger 51 from 
the conduit 23, by countercurrent heat exchange. The nitrogen fed to the heat 
exchanger 51 from the conduit 30 is warmed to about -40°C, and exits the exchanger 
51 into a conduit 31 . 

The nitrogen is fed from the conduit 31 to the cool end of the heat 
exchanger 50, in which it serves to cool the natural gas fed to the exchanger 50 from 
the conduit 2, and serves to cool the nitrogen refrigerant fed to the exchanger 50 from 
the conduit 20, by countercurrent heat exchange. The nitrogen fed to the heat 
exchanger 50 from the conduit 31 is warmed to 7.9°C, and exits the exchanger 50 into 
the conduit 32. 

Reference is now made to Figure 4, which is a temperature-enthalpy 
graph representing the process of Figure 3, in which the natural gas has the lean 
composition described above. The graph shows a combined cooling curve for the 
natural gas and the nitrogen refrigerant and a warming curve for the nitrogen refrigerant. 

The cooling curve has a plurality of regions identified as 4-1, 4-2. 4-3 and 
4-4. The region 4-1 corresponds to cooling in the heat exchanger 50: the gradient in this 
region is less than what would be the gradient of the cooling curve of natural gas alone 
25 over this region; in other words, the presence of the nitrogen refrigerant in the 
exchanger 50 lowers the gradient in this region. The region 4-2 corresponds to cooling 
in the heat exchanger 51 . The gradient is steeper here, due to the removal of part of the 
nitrogen refrigerant in conduit 22; the slope of the curve in region 4-2 is closer to the 
natural gas cooling curve than in region 4-1 . The region 4-3 corresponds to cooling in 
30 the h at exchanger 52. The gradient h re represents the natural gas cooling curve only, 
because there is no refrigerant being cooled in the heat exchang r 52. This part of the 
curv r pr sents the region over which liquefaction would take place if the pressure of 
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the natural gas were below the critical pressure. The critical temperature is within the 
temperature range of region 4-3. The region 4-4 corresponds to cooling in the heat 
exchanger 53. The gradient is steepest in region 4-4 and represents the sub-cooling of 
the natural gas. If the natural gas were just below the critical pressure in this region, 
5 then it would be a liquid. 

The warming curve has two regions identified as 4-5 and 4-6: the region 
4-5 corresponds to refrigerant warming in the heat exchanger 53; and the region 4-6 
corresponds to refrigerant warming in the heat exchangers 50, 51 and 52. The gradient 
of the warming curve in region 4-5 is greater than the gradient in the region 4-6: this is 

1 0 due to the smaller mass flow rate of nitrogen in the heat exchanger 53 compared with 
the mass flow rate in the heat exchangers 50, 51 and 52. A point 4-7 represents the 
nitrogen temperature in the conduit 26 as it enters the cool end of the heat exchanger 
53. A point 4-8 represents the nitrogen temperature in the conduit 32 as it exits the 
warm end of the heat exchanger 50. The points 4-7 and 4-8 set the end points of the 

15 nitrogen warming curve. 

The regions 4-5 and 4-6 intersect at a point 4-9, which represents the 
/nitrogen at the nitrogen intermediate temperature as it exits the heat exchanger 53. It 
is highly advantageous that the point 4-9 is set as warm as possible within the 
constraints of the system. The nitrogen represented by the point 4-7 should be 1 "C to 

20 5°C cooler than the temperature of the natural gas exiting the heat exchanger 53 into 
the conduit 6, and the nitrogen represented by the point 4-9 should be 1°C to 10°C 
cooler than the temperature of the natural gas entering the heat exchanger 53 from the 
conduit 5; these conditions are necessary to obtain a close match between the natural 
gas cooling curve and the nitrogen warming curve over the regions 4-4 and 4-5. The 

25 temperature of the nitrogen represented by the point 4-9 should be below the critical 
temperature of the natural gas; this condition is also necessary to obtain a very close 
match between the natural gas cooling curve and the nitrogen warming curve over the 
regions 4-4 and 4-5. Finally, the temperature of the nitrogen represented by the point 
4-9 needs to be low enough that the straight line region between the point 4-9 and 4-8 

30 does not intersect the natural gas/nitrogen cooling curve in the regions 4-1 , 4-2 or 4-3. 
A point 4-1 0 on the nitrogen warming curve and 4-1 1 on the natural gas/nitrogen cooling 
curve represents the point of closest approach between the natural gas/nitrogen cooling 
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curve and the nitrogen warming curve. An intersection of the two curves at the point 4- 
10 and 4-1 1 (or anywhere else) represents a temperature pinch in the heat exchangers. 
In practice, the point 4-9 should be chosen so that there is a 1°C to 10°C temperature 
difference between the natural gas/nitrogen being cooled at the point 4-1 1 and the 
5 nitrogen being warmed at the point 4-10. 

The specific process parameters are heavily dependent upon the natural 
gas composition. The description in relation to Figures 3 and 4 was for a lean gas 
composition. The process could be used with a rich gas composition, comprising, for 
example, 4.1 mol% nitrogen, 83.9 mol% methane, 8.7 mol% ethane, 2.8 mol% propane 

10 and 0.5 mol% butane. Using such a composition, assuming a feed pressure in conduit 
1 of about 5.5 MPa and a natural gas temperature in conduit 2 of 10°C, the pressures 
in the process are substantially the same as those described above with reference to 
the lean gas example. However, some of the temperatures are different. 

The natural gas emerging from heat exchanger 50 to conduit 3 is at -14°C, 

1 5 the natural gas emerging from heat exchanger 51 to conduit 4 is at -81 . 1 °C, the natural 
gas emerging from heat exchanger 52 to conduit 5 is at -95.0°C, and the natural gas 
emerging from heat exchanger 53 to conduit 6 is at -146°C. 

As in the Figure 3 embodiment, about 2.5 mol% of the total nitrogen 
flowing through the conduit 40 flows through the conduit 41 , while the rest flows through 

20 the conduit 20. The nitrogen flowing through the conduit 41 emerges from the heat 
exchanger 155 into the conduit 42 at a temperature of about -105°C. The nitrogen in the 
conduit 22 is divided between the conduits 22 and 23: about 33 mol% flows through the 
conduit 23 and about 67 mol% flows through the conduit 22. The nitrogen refrigerant 
exiting the heat exchanger 50 to the conduit 21 is at -14°C and the nitrogen refrigerant 

25 exiting the heat exchanger 51 to the conduit 24 is at -81 .1°C. After mixing the nitrogen 
from the conduit 24 with the nitrogen from the conduit 42, the nitrogen in the conduit 25 
is at a temperature of «83.0°C. The nitrogen refrigerant from the conduit 22 is expanded 
in the turbo expander 60 to a temperature of -98.5°C, while the nitrogen refrigerant from 
the conduit 25 is expanded in the turbo xpander 61 to a temperature of -148°C. 

30 The nitrogen refrigerant exits from the heat xchang r 53 to the conduit 

27 at -98.5 Q C. is combined with the refrigerant from the conduit 28, is passed through 
the h at xchang r 52, and exits from th h at xchanger 52 to the conduit 30 at a 
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temperature of -92.1 'C. Subsequently, the nitrogen refrigerant exits from the heat 
exchanger 51 to the conduit 31 at a temperature of about -24.4°C. 

The temperature of the nitrogen exiting from the top of the column 57 to 
the conduit 9 is -164.1°C. and the temperature of the LNG product in conduit 12 is - 
158.4°C. 

Figure 5 is similar to Figure 4, and shows a temperature-enthalpy graph 
representing the process of Figure 3, where the natural gas has the rich composition 
described above. The graph shows a combined cooling curve for the natural gas and 
the nitrogen refrigerant and a warming curve for the nitrogen refrigerant. The cooling 
and warming curves have a plurality of regions identified as 5-1 to 5-6. which 
correspond to regions 4-1 to 4-6 respectively of Figure 4. and have a plurality of 
temperature points 5-7 to 5-1 1 , which correspond to regions 4-7 to 4-1 1 respectively of 
Figure 4. The description above, relating to Figure 4, also applies to Figure 5. with the 
exception that in Figure 5, the natural gas critical temperature is in the region 5-2. rather 
15 than 5-3. 

Referring now to Figure 6, another embodiment of an apparatus for the 
present invention is shown. The Figure 6 embodiment bears many similarities to the 
Figure 3 embodiment, and the reference numerals given to the parts in Figure 6 are 
exactly 100 higher than the equivalent parts in the Figure 3 embodiment. The 
embodiment shown in Figure 6 is preferred to the embodiment shown in Figure 3, 
because fewer heat exchangers are required. 

Lean natural gas is fed from a pre-treatment plant (not shown) to conduit 
101. The natural gas in conduit 101 comprises 5.7 mol% nitrogen. 94.1 mol% methane 
and 0.2 mol% ethane, and is at a pressure of about 5.5 MPa As discussed above, 
various pre-treatment arrangements are known in the art and the exact configuration 
depends on the composition of the natural gas recovered from the ground, including the 
level of undesirable contaminants. Typically the pre-treatment plant would remove 
carbon dioxide, water, sulphur compounds, mercury contaminants and heavy 
hydrocarbons. 

The natural gas in conduit 101 is fed to heat exchanger 166, wher it is 
cooled to 1 0X with chilled water. The exchanger 1 66 could be provided as part of the 
pre-treatment plant. In particular, the exchanger could be provided upstream of a water 
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removal unit of the pre-treatment plant, in order to allow condensation and separation 
of the water contained in the natural gas, and to minimise the size of equipment. 

The natural gas exiting the heat exchanger 166 is fed to conduit 102 from 
where it is passed to the warm end of a series of heat exchangers 150, 151 and 153. 
The series of heat exchangers 150 to 153 cool the natural gas to a temperature 
sufficiently low that it can be liquefied when flashed to a pressure (usually about 
atmospheric pressure) below the critical pressure of the natural gas. It will be noted that 
in the embodiment of Figure 6 there is no heat exchanger equivalent to the heat 
exchanger 52 of Figure 3. 

The natural gas in conduit 102, at a temperature of about 10°C, is first fed 
to the warm end of the heat exchanger 150. The natural gas is cooled in heat exchanger 
150 to -41 7°C, and is passed from the cool end of the exchanger 1 50 to a conduit 1 03. 
The natural gas in conduit 103 is fed to the warm end of the exchanger 151, in which 
it is cooled to a temperature of about -98.2°C. The natural gas exits the cool end of the 
exchanger 151 into a conduit 104, from which it is fed to the warm end of the exchanger 

153, in which it is cooled to a temperature of -146°C. The natural gas exits the cool end 
of the exchanger 153 into a conduit 106. 

The natural gas in conduit 106 is fed to the warm end of a heat exchanger 

154, in which it is cooled to a temperature of about -1 58'C, and it exits the cool end of 
the exchanger 154 into a conduit 107. The natural gas in conduit 107, which is still at 
supercritical pressure, is fed to a liquid expansion turbine 156 in which the natural gas 
is substantially isentropically expanded to a pressure of about 150 kPa. In the turbine 
56 the natural gas is liquefied, and is reduced in temperature to about -167°C. The 
turbine 156 drives an electrical generator G' to recover the work as electrical power. 

The fluid exiting the turbine 156 is fed to a conduit 108. This fluid is 
predominantly liquid natural gas, with some natural gas in the gaseous state. The fluid 
in conduit 108 is fed to the top of a fractionating column 157. The natural gas feed in 
conduit 1 contains about 6 mol% of nitrogen: the fractionating column 57 serves to strip 
this nitrogen from the LNG. The stripping process is assisted by using the exchanger 
1 54 to provide reboil heat transferred from the natural gas in conduit 1 06. LNG is fed 
from the column 157 to conduit 167, fr m wh re the LNG is fed to the cool end of th 
exchanger 154. The exchanger 154 warms the LNG to a temp nature of about -160°C; 
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the LNG exits the warm end of the exchanger 154 into a conduit 168, through which it 
is fed back to the column 1 57. 

Stripped nitrogen gas is fed from the top end of the column 157 to the 
conduit 109. The conduit 109 also contains a large percentage of methane gas, which 
is also stripped in the column 57. The gas in conduit 109, which is at a temperature of 
-166.8-C and a pressure of 120 kPa, is fed to the cool end of a heat exchanger 1 55, in 
which the gas is warmed to a temperature of about 7»C. The warmed gas is fed from 
the warm end of the exchanger 105 to a conduit 110, from which it is fed to a fuel gas 
compressor (not shown). The methane fed through the conduit 1 10 is used to provide 
the bulk of the fuel gas requirements of the liquefaction plant. 

LNG is fed from the bottom of the column 1 57 to a conduit 1 1 1 and then 
to a pump 158. The pump 158 pumps the LNG into a conduit 1 12 and on to a LNG 
storage tank (see Figures 1 0 and 1 1 ). 

The nitrogen refrigeration cycle which cools the natural gas to a 
temperature at which it can liquefy will now be described. Nitrogen refrigerant is 
discharged from the warm end of the exchanger 150 into a conduit 132. The nitrogen 
in conduit 132 is at a temperature of about 7.9*C and a pressure of 1.66 MPa. The 
nitrogen is fed to a multistage compressor unit 159. which comprises at least two 
compressors 169 and 170, with at least one intercooler 171. and an aftercooler 172. 
The compressors 169 and 170 are driven by a gas turbine 173. The cooling in the 
intercooler 171 and the aftercooler 172 is provided to return the nitrogen to ambient 
temperatures. The operation of the compressor unit 159 consumes almost all of the 
power required by the nitrogen refrigeration cycle. The gas turbine 173 can be driven 
by the fuel gas derived from conduit 1 10. 

The compressed nitrogen is fed from the compressor unit 1 59 to a conduit 
133 at a pressure of 3.79 MPa. The conduit 133 leads to two conduits 134 and 135 
between which the nitrogen from the conduit 133 is split according to the power 
absorbed by the compressor. The nitrogen in the conduit 134 is fed to a compressor 

162 in which it is compressed to a pressure of about 5.5 MPa, and is then fed from the 
compressor 162 to conduit a 136. The nitrogen in the conduit 135 is fed to a compressor 

163 in which it is compressed to a pressure of about 5.5 MPa. and is then fed from the 
compressor 163 to conduit a 137. The nitrog n in both the conduits 136 and 137 is fed 

SUBSTITUTE SHEET (RULE 26) 



WO 97/13109 



PCT/GB96/02443 



-25- 

to a conduit 138 and then to an aftercooler 164, where it is cooled back to ambient 
temperatures. The nitrogen is fed from the aftercooler 164 through a conduit 139 to a 
heat exchanger 165 in which it is cooled to a temperature of 10°C by chilled water. The 
cooled nitrogen is fed from the exchanger 165 to a conduit 140, which leads to two 
conduits 120 and 141 . The nitrogen flowing through the conduit 140 is split between the 
conduits 120 and 141 : about 2 mol% of the nitrogen in conduit 140 flows through the 
conduit 121. 

The nitrogen flowing through the conduit 141 is fed to the warm end of the 
heat exchanger 155, where it is cooled to a temperature of about -123°C. The cooled 
nitrogen is fed from the cool end of the exchanger 155 to a conduit 142. The conduit 
120 is connected to the warm end of the heat exchanger 1 50, whereby the nitrogen is 
fed to the warm end of the heat exchanger 1 50. The nitrogen from conduit 1 20 is pre- 
cooled to -41 .7°C in the heat exchanger 150, and is fed from the cool end of the heat 
exchanger 1 50 to a conduit 121. 

, The conduit 121 leads to two conduits 122 and 123. The nitrogen flowing 
through the conduit 121 is split between the conduits 122 and 123: about 26 mol% of 
the total nitrogen flowing through the conduit 121 is fed to the conduit 123. The nitrogen 
in the conduit 122 is fed to a turbo expander 160 , in which it is work expanded to a 
pressure of 1 .73 MPa and a temperature of -1 02.5'C. The expanded nitrogen exits from 
the expander 160 into a conduit 128. 

The nitrogen in the conduit 123 is fed to the warm end of the heat 
exchanger 151, in which it is cooled to a temperature of about -98.2 e C. The nitrogen 
exits the cool end of the exchanger 151 into a conduit 124, which is connected to a 
conduit 125. The conduit 142 is also connected to the conduit 125, so that the cooled 
nitrogen from the heat exchangers 151 and 155 is all fed to the conduit 125. The 
nitrogen in conduit 125, which is at a temperature of -100.3 °C, is fed to a turbo 
expander 161 in which it is work expanded to a pressure of 1.76 MPa and a coolest 
nitrogen temperature of about -148'C. The expanded nitrogen exits from the expander 
161 into a conduit 126. 

The turbo expander 160 is arranged to drive the compressor 162, and the 
turb xpander 1 61 is arranged to drive the compressor 1 63. In this way th majority 
of the work produced by the expanders 160 and 161 can be recovered. In a modification 
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the compressors 162 and 163 can be replaced with a single compressor that is 
connected to the conduits 133 and 138. This single compressor can be arranged to be 
driven by the turbo expanders 160 and 161, for example by being connected to a 
common shaft. 

5 The nitrogen in the conduit 1 26 is fed to the cool end of the exchanger 1 53 

to cool the natural gas fed to the exchanger 153 from the conduit 1 04 by countercurrent 
heat exchange. In the heat exchanger 153 the nitrogen is warmed to an intermediate 
nitrogen temperature of -102.5 e C. The warmed nitrogen exits the warm end of the 
exchanger 1 53 into a conduit 127, which is connected to a conduit 129. The conduit 128 

1 0 is also connected to the conduit 1 29, whereby the nitrogen from the warm end of the 
heat exchanger 153 is recombined with the nitrogen from the turbo expander 160. 

The nitrogen is fed from the conduit 129 to the cool end of the heat 
exchanger 1 51 , in which it serves to cool the natural gas fed to the exchanger 151 from 
the conduit 103. and serves to cool the nitrogen refrigerant fed to the exchanger 151 

1 5 from the conduit 1 23, by countercurrent heat exchange. The nitrogen fed to the heat 
exchanger 151 from the conduit 129 is warmed to about -57.9°C, and exits the 
exchanger 151 into a conduit 131. 

The nitrogen is fed from the conduit 131 to the cool end of the heat 
exchanger 1 50, in which it serves to cool the natural gas fed to the exchanger 1 50 from 

20 the conduit 1 02. and serves to cool the nitrogen refrigerant fed to the exchanger 150 
from the conduit 120, by countercurrent heat exchange. The nitrogen fed to the heat 
exchanger 1 50 from the conduit 1 31 is warmed to 7.9°C, and exits the exchanger 150 
into the conduit 1 32. 

Figure 7 is similar to figure 4, and shows a temperature-enthalpy graph 
25 representing the process of Figure 6, where the natural gas has the lean composition 
described above. The graph shows a combined cooling curve for the natural gas and 
the nitrogen refrigerant and a warming curve for the nitrogen refrigerant. 

The cooiing curve has a plurality of regions identified as 7-1, 7-2 and 7-4. 
The region 7-1 corresponds to cooling in the heat exchanger 150: the gradient in this 
30 region is less than what would be the gradient of the cooling curve of natural gas alone 
over this region; in other words, the presence of the nitrogen refrigerant in the 
exchanger 1 50 lowers the gradient in this region. The region 7-2 corresponds to cooling 
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in the heat exchanger 151. The gradient is steeper here, due to the removal of part of 
the nitrogen refrigerant in conduit 122; the slope of the curve in region 7-2 is closer to 
the natural gas cooling curve than in region 7-1. This part of the curve also represents 
the region over which liquefaction would take place if the pressure of the natural gas 
5 were below the critical pressure: the critical temperature is within the temperature range 
of region 7-2. The region 7-4 corresponds to cooling in the heat exchanger 153. The 
gradient is steepest in region 7-4 and represents the sub-cooling of the natural gas. 
Note that there is no region 7-3 in Figure 7, because there is no heat exchanger 152. 

The nitrogen warming curve has two regions identified as 7-5 and 7-6: the 
10 region 7-5 corresponds to refrigerant warming in the heat exchanger 153; and the 
region 7-6 corresponds to refrigerant warming in the heat exchangers 150 and 151. The 
gradient of the warming curve in region 7-5 is greater than the gradient in the region 7-6: 
this is due to the smaller mass flow rate of nitrogen in the heat exchanger 153 
compared with the mass flow rate in the heat exchangers 150 and 151. A point 7-7 
1 5 represents the nitrogen temperature in the conduit 1 26 as it enters the cool end of the 
tjeat exchanger 153. A point 7-8 represents the nitrogen temperature in the conduit 132 
as it exits the warm end of the heat exchanger 1 50. The points 7-7 and 7-8 set the end 
points of the nitrogen warming curve. 

The regions 7-5 and 7-6 intersect at a point 7-9, which represents the 
20 nitrogen at the nitrogen intermediate temperature as it exits the heat exchanger 153. It 
is highly advantageous that the point 7-9 is set as warm as possible within the 
constraints of the system. The nitrogen represented by the point 7-7 should be 1*C to 
5°C cooler than the temperature of the natural gas exiting the heat exchanger 153 into 
the conduit 106, and the nitrogen represented by the point 7-9 should be 1°C to 10'C 
25 cooler than the temperature of the natural gas entering the heat exchanger 1 53 from Sie 
conduit 105; these conditions are necessary to obtain a very close match between the 
natural gas cooling curve and the nitrogen warming curve over the regions 7-4 and 7-5 
The temperature of the nitrogen represented by the point 8.9 should be below the 
critical temperatur of the natural gas; this condition is also necessary to obtain a very 
30 close match between th natural gas cooling curv and the nitrogen warming curv over 
the regions 7-4 and 7-5. Finally, th temp rature of the nitrog n represented by the 
point 7-9 needs to be low enough that th straight line region between the point 7-9 and 
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7-8 does not intersect the natural gas/nitrogen cooling curve in the regions 7-1 or 7-2. 
A point 7-10 on the nitrogen warming curve and 7-1 1 on the natural gas/nitrogen cooling 
curve represents the point of closest approach between the natural gas/nitrogen cooling 
curve and the nitrogen warming curve. An intersection of the two curves at the point 7- 
10 and 7-1 1 (or anywhere else) represents a temperature pinch in the heat exchangers. 
In practice, the point 7-9 should be chosen so that there is a 1°C to 10"C temperature 
difference between the natural gas/nitrogen being cooled at the point 7-11 and the 
nitrogen being warmed at the point 7-10. 

The process of Figure 6 will now be considered for a rich gas composition, 
comprising 4.1 mol% nitrogen. 83.9 mol% methane, 8.7 mol% ethane, 2.8 mol% 
propane and 0.5 mol% butane, using a natural gas feed pressure in conduit 1 of about 
7.6 MPa and a natural gas temperature in conduit 102 of 10°C. 

Under these new conditions, the natural gas would exit from the heat 
exchanger 150 into the conduit 103 at a temperature of -8.0°C, the natural gas would 
exit from the heat exchanger 151 into the conduit 104 at a temperature of -87°C, and 
the naturaf gas would exit from the heat exchanger 153 into the conduit 106 at a 
temperature of -146°C. 

The nitrogen refrigerant exiting from the heat exchanger into the conduit 
132 is at a temperature of 7.9»C and a pressure of 2.31 MPa. The nitrogen refrigerant 
is compressed in the compressor unit 159 to a pressure of 6.08 MPa, and is then further 
compressed in the compressors 162 and 163 to a pressure of about 10 MPa. 

The nitrogen refrigerant in the conduit 140 is at a temperature of 10.0°C, 
as a result of the cooling in the aftercooler 164 and the heat exchanger 165. About 2.2 
mol% of the nitrogen flowing through the conduit 140 flows through the conduit 141, 
while the remainder flows through the conduit 120. The nitrogen flowing through the 
conduit 141 is reduced in temperature to about -108*C in the heat exchanger 155. 

The nitrogen refrigerant exiting the heat exchanger 150 into the conduit 
121 it at a temperature of -8'C. About 25 moi% of the nitrogen in the conduit 121 flows 
through the conduit 123, while the remaining 75 mol% flows through the conduit 122. 
The nitrogen flowing through the conduit 123 emerges from the h at xchanger 151 at 
at mperatur of -87«C, from wh re it flows into th conduit 125 along with the nitrogen 
from the conduit 142; th temperature of the nitrogen in the conduit 125 is -88.7°C. The 



SUBSTITUTE SHEET (RULE 26) 



WO 97/13109 



PCT/GB96/02443 



15 



20 



25 



30 



-29- 

nitrogen flowing through the conduit 122 is expanded in the turbo expander 160 to a 
pressure of 2.39 MPa and a temperature of -90.5X, and the nitrogen flowing through 
the conduit 125 is expanded in the turbo expander 161 to a pressure of 2.42 MPa and 
a temperature of -148°C. 

5 The nitrogen refrigerant emerging from the heat exchanger 1 53 into the 

conduit 127 is at a temperature of -90.5'C, and the nitrogen refrigerant emerging from 
the heat exchanger 151 into the conduit 131 is at a temperature of about -18X. 

Figure 8 is similar to Figure 7, and shows a temperature-enthalpy graph 
representing the process of Figure 6, where the natural gas has the rich composition 
10 described above, and is supplied at a pressure of about 7.6 MPa. The graph shows a 
combined cooling curve for the natural gas and the nitrogen refrigerant and a warming 
curve for the nitrogen refrigerant. The cooling and warming curves have a plurality of 
regions 8-1 to 8-6. which correspond to regions 7-1 to 7-6 respectively of Figure 7, and 
have a plurality of temperature points 8-7 to 8-11, which correspond to temperature 
points 7-7 to 7-1 1 respectively of Figure 7. The description above, relating to Figure 7, 
also applies to Figure 8. 

The process of Figure 6 will now be considered for a rich gas composition, 
comprising 4.1 mol% nitrogen, 84.1 mol% methane, 8.5 mol% ethane. 2.6 mol% 
propane and 0.7 mol% butane, using a natural gas feed pressure in conduit 1 of about 
8.25 MPa and a natural gas temperature in conduit 102 of 10»C. There is one slight 
modification to the process described above with respect to Figure 6: boil-off gas from 
LNG storage tanks is combined with the top product from column 157 in conduit 109. 
and the combined contents of the conduit 1 09 are fed to the heat exchanger 1 55. 

Under these new conditions, the natural gas would exit from the heat 
exchanger 151 into the conduit 104 at a temperature of -86.2'C, and would exit from 
the heat exchanger 1 53 into the conduit 1 06 at a temperature of -1 48.3»C. 

The nitrogen refrigerant exiting from the heat exchanger into the conduit 
1 32 is at a temperature of 3.0X and a pressure of 1 .77 MPa. The nitrogen refrigerant 
is compressed in the compressor unit 159 to a pressure of 4.97 MPa, and is then further 
compressed in the compressors 162 and 163 to a pressure of about 8.3 MPa. 

The nitrogen refrigerant in th conduit 140 is at a temperature of 10.0°C, 
as a result of the cooling in the aftercooler 1 64 and the heat exchanger 1 65. About 1 .7 
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mol% of the nitrogen flowing through the conduit 140 flows through the conduit 141, 
while the remainder flows through the conduit 120. The nitrogen flowing through the 
conduit 141 is reduced in temperature to about -143°C in the heat exchanger 155. 

The nitrogen refrigerant exiting the heat exchanger 150 into the conduit 
121 is at a temperature of -7°C. About 31 mol% of the nitrogen in the conduit 121 flows 
through the conduit 123, while the remaining 69 mol% flows through the conduit 122. 
The nitrogen flowing through the conduit 123 emerges from the heat exchanger 151 at 
a temperature of -86.2X, from where it flows into the conduit 125 along with the 
nitrogen from the conduit 142; the temperature of the nitrogen in the conduit 125 is - 
89.3°C. The nitrogen flowing through the conduit 122 is expanded in the turbo expander 
160 to a pressure of 1 .84 MPa and a temperature of -93.2*C. and the nitrogen flowing 
through the conduit 125 is expanded in the turbo expander 161 to a pressure of 1.87 
MPa and a temperature of -152.2°C. 

The nitrogen refrigerant emerging from the heat exchanger 153 into the" 
conduit 127 is at a temperature of -93.2°C. 

R 9 ure 9 is similar to Figure 7, and shows a temperature-enthalpy graph 
"representing the process of Figure 6, where the natural gas has the rich composition 
described above, and is supplied at a pressure of about 8.25 MPa. The graph shows 
a combined cooling curve for the natural gas and the nitrogen refrigerant and a warming 
curve for the nitrogen refrigerant. The cooling and warming curves have a plurality of 
regions 9-1 to 9-6, which correspond to regions 7-1 to 7-6 respectively of Figure 7, and 
have a plurality of temperature points 9-7 to 9-1 1 , which correspond to temperature 
points 7-7 to 7-1 1 respectively of Figure 7. The description above, relating to Figure 7, 
also applies to Figure 9. 

In Figure 9 the minimum temperature difference between the two curves 
is 3.9°C, while in Figures 4, 5, 7 and 8, the minimum temperature difference is 2°C. 

Referring to Figure 10 an embodiment of an apparatus for producing LNG 
is generally designated 500. The apparatus comprises a floating platform in the form of 
a ship 501, which carries a natural gas liquefaction plant 502 and LNG storage tanks 
503. The LNG is fed from the plant 502 to the storage tanks 503 via a conduit 504. The 
natural gas is supplied to the plant 502 via a pipeline 505, which extends to a natural 
gas rig 506, and via a riser and manifold arrangement 510, which extends from th ship 
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501 to the pipeline 505. It is possible for the natural gas to be supplied from a plurality 
of said gas rigs 506. A pre-treatment plant (not shown) may be provided for the natural 
gas, before it is fed to the plant 502. The pre-treatment plant may be provided on the 
rig 506, on a separate unit (not shown) or on the ship 501 . 
5 The ship 501 also includes accommodation 507, mooring lines 508, and 

means 509 for supplying LNG from the storage tanks 503 to an LNG carrier (not 
shown). 

Referring to Figure 1 1 another embodiment of an apparatus for producing 
LNG is generally designated 600. The apparatus comprises platform 601, which is 
10 supported above the water level 607 by legs 609, a natural gas liquefaction plant 602 
and an LNG storage tank 603. The LNG is fed from the plant 602 to the storage tank 
603 via a conduit 604. The storage tank 603 is supported by a concrete gravity base 
610, which rests on seabed 608. The natural gas is supplied to the plant 602 via a 
pipeline 605, which communicates with a natural gas rig 606. It is possible for the 
15 natural gas tp be supplied from a plurality of said gas rigs 606. A pre-treatment plant 
(not shown) may be provided for the natural gas, before it is fed to the plant 602. The 
pre-treatment plant may be provided on the rig 606, on a separate unit (not shown), on 
the platform 601 or on the gravity base 61 0. Means 61 1 is provided for supplying LNG 
from the storage tanks 603 to a LNG carrier (not shown). In a modification the 
20 apparatus 600 could be provided on the rig 606. 

Figure 12 shows a modification of the LNG apparatus 600 shown in Figure 
11. In Figure 12 the modified LNG apparatus is generally designated 600' and 
comprises two spaced concrete gravity bases 61 0', which rest on the seabed 608', so 
that they project above the water level 607'. A liquefaction plant 602' is provided on a 
25 platform 601 ', which rests on the gravity bases 61 0* and bridges the gap between the 
gravity bases 610'. An LNG storage tank 603' is provided on each of the gravity bases 
610'. 

The platform 601' can be installed by supporting it on a barge (not shown); 
floating the barge into the gap between the gravity bases 610' so that the platform 60V 
30 projects over the upper surface of each gravity base 610'; lowering the barg so that the 
platform 601 ' rests on the gravity bases 61 0 1 ; and finally floating the barge out of the gap 
between th gravity bas s610'. 
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Referring to Figure 1 3, the natural gas liquefaction plants 502, 602 and 
602' of Figures 10 to 12 are shown in more detail. In general, the components of the 
plant shown in Figure 13 are similar to the components shown in Figures 3 and 6. 
Natural gas is supplied to conduit 450 of the plant at high pressure, which may be 
5 supercritical; the natural gas may have been pre-treated to remove contaminants using 
conventional processes. The natural gas in conduit 450 is fed to a heat exchanger 401 
in which it is cooled with chilled water supplied from a chilled water refrigeration unit 
415. The heat exchanger 401 may, instead, be incorporated in the pretreatment 
process. The heat exchanger 401 may be a conventional shell and tube heat 

10 exchanger, or any other type of heat exchanger suitable for cooling natural gas with 
chilled water, including a PCHE. 

The cooled natural gas exits from the heat exchanger 401 to a conduit 
451, through which it is fed to a cold box 402. where the gas is progressively cooled to 
a low temperature in a series of heat exchangers (not shown) within the box 402. The 

1 5 heat exchanger arrangement in the cold box 402 may be the same as the arrangement 
of heat exchangers 50. 51 . 52 and 53 shown in Figure 3, or may be the same as the 
arrangement of heat exchangers 1 50, 1 51 and 1 53 shown in Figure 6. The type of heat 
exchangers used depends on the pressure at which the natural gas is supplied If the 
pressure is below about 5.5 MPa, then each heat exchanger comprises a number of 

20 aluminium plate heat exchangers manifolded in series. If the pressure is above about 
5.5 MPa, then each heat exchanger comprises, for example, a spiral wound heat 
exchanger, a PCHE or a spool wound heat exchanger. However, when a spiral wound 
heat exchanger is used, the embodiment shown in Figure 14 is more appropriate. The 
cold box 402 is filled with pearlite or rock wool to provide insulation. 

25 1,16 ar e many advantages to using a the cold box 402. First, it enables the 

majority of the cold equipment and piping to be contained within a single space that 
requires a much smaller plot area than if the equipment and piping were installed 
separately. The quantity of external insulation required is much less than if the 
equipment and piping were installed separately, and this reduces the cost and time of 

30 installation and future maintenance. In addition, the number of flang s required for 
connections of piping and equipment is reduced, because all the connections within the 
box ar fully w Id d - this reduces the possibility of leaks from cold flange during normal 
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operation and during cool-down and warm-up operations. The entire cold box 
installation can be constructed in a controlled industrial location and can be delivered 
to the construction site fully leak tested, dry and ready for commissioning - this would 
otherwise have to be done on the individual bits of equipment and piping in the field in 
5 remote locations and under less than ideal conditions. The cold box steel shell and 
insulation provides protection from the salt air environment in an offshore location, and 
affords a measure of fire protection for the equipment containing the hydrocarbon 
inventory. It should be noted that, when spiral wound heat exchangers are used, the first 
and intermediate exchanger bundles may both be included in a single vertical 
1 0 exchanger shell and may be installed separately to the cold box. In this case, the spiral 
wound heat exchanger is externally insulated and the cold box containing the remaining 
cold exchangers and vessel is significantly smaller. 

The sub-cooled natural gas is withdrawn from the cold box 402, at its 
lowest temperature of about -158X, into a conduit 452. through which it is fed to a liquid 
1 5 or hydraulic turbine expander disposed within a suction vessel 41 3 in which the sub- 
cooled natural gas is work expanded to a low pressure (which is sub-critical), with a 
concomitant reduction in temperature and the formation of LNG. The work generated 
in the liquid or hydraulic turbine expander in the suction vessel 41 3 is used to turn an 
electrical generator; the electrical generator is also housed within the suction vessel 
20 41 3. It is possible for the liquid or hydraulic turbine expander and the suction vessel 413 
to be replaced with a throttle valve: this will simplify the equipment, saving on capital 
costs and space, but there will be a small loss in process efficiency. 

The LNG exits the liquid or hydraulic turbine expander in the suction 
vessel 413 into a conduit 453, which is fed back into the cold box 402 to a nitrogen 
25 stripper located within the cold box 402. The nitrogen stripper within the cold box 402 
may be the same as the nitrogen stripper 57 in Figure 3. or the nitrogen stripper 1 57 in 
Figure 6. The cold flash gas from the top of the nitrogen stripper is then reheated in 
another heat exchanger in the cold box 402, which may be the same as the heat 
exchanger 55 shown in Figure 3, or the heat exchanger 155 shown in Figure 6. The 
30 reheated flash gas exits the cold box 402 into a conduit 454, which is quival nttothe 
conduit 10 of Figure 3, or the conduit 1 10 of Figure 6. The reheated flash gas in the 
conduit 454 is fed to a compressor unit 414 in which it is compressed to the required 
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fuel gas system pressure. Cooling is provided in the compressor unit 414 by cooling 
water, which enters the unit 414 via conduit 455 and leaves the unit 414 via conduit 456. 
The compressed fuel gas exits the compressor unit 414 into a conduit 457. The 
compressor unit 414 may be an integrally geared multistage centrifugal compressor 
driven by an electric motor and complete with integral intercoolers and aftercoolers. 
Alternatively, the unit 414 may be an API specification centrifugal compressor with 
several compressor cases driven by an electric motor or a small gas turbine. The power 
requirements for the unit 414 may be provided by part of the fuel gas produced therein. 

The LNG product exits the nitrogen stripper into a conduit 458, through 
which it is fed to a submerged pump 412. The submerged pump 412 pumps the LNG 
into a conduit 459. through which it is fed to storage tanks (see Figure 10 or 1 1). 

The refrigeration of the natural gas in the cold box 402 is provided by a 
nitrogen refrigeration cycle, the components of which will now be described. Nitrogen 
refrigerant exits the cold box 402 into conduit 460, having been warmed to ambient 
temperatures by countercurrent heat exchange with the natural gas. The nitrogen in the 
conduit 460 is fed to a first stage compressor 405 where it is compressed to high 
pressure. The compressed nitrogen exits the compressor 405 into a conduit 461, 
through which it is fed to an intercooler 462, where the nitrogen is cooled with cooling 
water. The compressed nitrogen exits the intercooler 462 into a conduit 463 through 
which it is fed to a second stage compressor 406, where it is compressed to an even 
higher pressure. The compressed nitrogen exits the compressor 406 into a conduit 464, 
through which it is fed to an aftercooler 465, where the nitrogen is cooled with cooling 
water. The compressors 405 and 406 may be multi wheel API type compressors; 
alternatively, axial flow compressors may be used if the suction pressure is low enough 
and/or the circulation rate is high enough. The compressors 405 and 406 may be 
provided in the form of a single compressor. 

The compressors 405 and 406 are driven by a gas turbine 403. The gas 
turbine 403 is an aero-derivative type of gas turbine because of its smaller size and 
weight compared to the alternative industrial type gas turbines commonly used in 
onshore LNG plants. The temperature of the ambient air locations where the plant is 
located is often high, and this can substantially reduce the site rating of gas turbine 403. 
This probl m can be solved by cooling the gas turbine inl t air with chilled water in a 
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heat exchanger 404. The turbine air is taken in through an inlet manifold 467 of the 
turbine 403, in which the heat exchanger 404 is disposed. The chilled water can be 
provided from the unit 1 5. 

The high pressure nitrogen refrigerant exits the aftercooler 465 into a 
conduit 466, from which the flow is subsequently divided between conduits 470 and 4711 
The nitrogen flowing through the conduit 470 is fed to the compressor side of the 
expander/compressor unit 408, while the nitrogen flowing through the conduit 471 is fed 
to the compressor side of the expander/compressor unit 409. The compressed nitrogen 
exits the units 408 and 409 into conduits 472 and 473 respectively at an even higher, 
supercritical, pressure. The nitrogen flowing through the conduits 472 and 473 is 
recombined in a conduit 474. through which it is fed to an aftercooler 410, where it is 
cooled with cooling water. The nitrogen refrigerant exits the aftercooler 410 into a 
conduit 475, through which it is fed to a heat exchanger 41 1 , where it is further cooled 
by countercurrent heat exchange with chilled water provided by the unit 15. The heat 
exchangers,462, 465, 41 0 and 41 1 are ail stainless steel PCHE exchangers; a closed 
circuit of fresh water is used for cooling in exchangers 462. 465 and 410 Alternatively, 
direct seawater cooling may be used for these exchangers, if suitable materials of 
construction are employed. 

The nitrogen refrigerant exits the heat exchanger 41 1 into a conduit 476. 
through which it is fed to the cold box 402. where it is pre-cooled in the series of heat 
exchangers in a similar manner to that shown in Figure 3 or Figure 6. A portion of the 
pre-cooled nitrogen (50-80 mol% of the total nitrogen flow) is withdrawn from the cold 
box 402 into a conduit 477, through which it is fed to the turbo expander end of the 
expander/compressor unit 409. The nitrogen in the expander compressor unit 409 is 
expanded to a lower pressure, with concomitant temperature drop. The work produced 
during this expansion stage is used to drive the compressor end of the 
expander/compressor unit 409. The expanded nitrogen exits the turbo expander of the 
expander/compressor unit into a conduit 478. 

Another portion of the pre-cooled nitrogen (20-50 mol% of the total 
nitrogen flow) is withdrawn from the cold box 402 into a conduit 479, through which it 
is fed to the turbo expander end of the expander/compressor unit 408; the nitrogen 
withdrawn into th conduit 479 has be n cooled to a lower temperature than that 
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withdrawn through the conduit 478. The nitrogen in the expander compressor unit 408 
is expanded to a lower pressure, with concomitant temperature drop. The work 
produced during this expansion stage is used to drive the compressor end of the 
expander/compressor unit 408. The expanded nitrogen exits the turbo expander of the 
expander/compressor unit into a conduit 480. 

The nitrogen in the conduits 478 and 480 is fed back to the series of heat 
exchangers within the cold box 402, and serves to cool the natural gas entering the cold 
box 402 via the conduit 451 and to pre-cool the nitrogen entering the cold box 402 via 
the conduit 476. The nitrogen flowing in the conduits 478 and 480 may follow the same 
path as the nitrogen in conduits 28 and 26 respectively in Figure 3, or as the nitrogen 
in conduits 128 and 126 respectively in Figure 6. As explained above, the warmed 
n.trogen is subsequently withdrawn from the cold box 402 via the conduit 460. 

The expander/compressor units 408 and 409 may be conventional radial 
flow expander units. If desired the expander of expander/compressor unit 409 may be 
replaced by two expander units in parallel or in series. All the expander/compressor 
units 408/409 may be installed on a single skid to save on plot area and interconnecting 
pipework; they may also have a common lube oil skid, thereby saving further in plot 
area and cost. Another possibility is to connect the expanders to a single compressor 
or a multi-stage compressor; this would avoid the need to split the nitrogen flow into 
20 conduits 470 and 471 . 

The chilled water refrigeration unit 41 5 comprises one or more standard 
commercially available units, which can use refrigerants such as Freon, propane, 
ammonia, etc. The chilled water is circulated to the heat exchangers 401 , 404 and 41 1 
in a closed circuit by centrifugal pumps (not shown). This unit has the advantage that 
it requires only a small inventory of refrigerant, and takes up very little space. 

The cooling water system is also a closed circuit system - it uses fresh 
water to allow the use of PCHE exchangers. The PCHE heat exchangers have the 
advantage that they are considerably smaller and cheaper than the conventional shell 
and tube heat exchangers normally used for this type of system. 

The nitrogen refrigeration system is a closed circuit system containing an 
initial inventory of dry nitrog n gas. This nitrogen must be replenished during normal 
operation, du to small losses of refrigerant from the circuit. These losses are caus d 
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by, for example, leaks to atmosphere from compressor seals and pipework flanges etc. 
A small amount of nitrogen is continuously added to the refrigeration system by nitrogen 
make-up unit (not shown), in order to compensate for the leakages. The nitrogen is 
extracted from the instrument air system on the plant. The make-up unit may be a 
commercially available unit, which can be of the membrane type or the pressure swing 
absorption type. 

Figure 14 shows another embodiment of the apparatus shown in Figure 
13. Many of the parts illustrated in Figure 14 are identical to the parts illustrated in 
Figure 13 - like parts have been designated with like reference numerals. The 
differences are as follows. 

The embodiment shown in Figure 14 uses a series of heat exchangers in 
the form of a spiral wound heat exchanger (also known as a coil wound heat exchanger) 
480 in place of the series of heat exchangers located within the cold box 402 in the 
apparatus shown in Figure 13. The heat exchanger 480 is provided with its own thermal 
insulation, so there is no need to locate it within a cold box. Cooled natural gas at 
supercritical pressure is withdrawn from the heat exchanger 480 via a conduit 482, and 
is fed to a nitrogen stripper located within a cold box 484. The nitrogen stripper within 
the cold box 484 may be the same as the nitrogen stripper 57 or 157. 

The five refrigeration cycles described above, and shown in figures 4. 5. 
7, 8 and 9, were simulated in order to make comparisons between the relative 
performance. 

The first cycle, as illustrated in figure 4, used lean gas at a pressure of 5.5 
MPa cooled with refrigerant at 1.2 MPa. The total power requirement was found to be 
17.1 kW/tonne natural gas produced/day. 

The second cycle, as illustrated in figure 5, used rich gas at a pressure of 
5.5 MPa cooled with refrigerant at 1.2 MPa. The total power requirement was found to 
be 15.0 kW/tonne natural gas produced/day. 

The third cycle, as illustrated in figure 7, used lean gas at a pressure of 
5.5 MPa cooled with refrigerant at 1.7 MPa. The total power requir ment was found to 
be 17.4 kW/tonne natural gas produced/day. Howev r, although the power r quirement 
was higher than the first and second cycle, the increased pressure allows the heat 
exchanger sizes to be reduced. 
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The fourth cycle, as illustrated in figure 8. used rich gas at a pressure of 
7.6 MPa cooled with refrigerant at 2.4 MPa. The total power requirement was found to 
be 13.0 kW/tonne natural gas produced/day. 

The fifth cycle, as illustrated in figure 9, used rich gas at a pressure of 8 25 
MPa cooled with refrigerant at 1,8 MPa. The total power requirement was found to be 
14.6 kW/tonne natural gas produced/day. 

For comparison, the power requirement of a conventional propane pre- 
cooled mixed refrigerant cycle would be in the range 13 to 14 kW/tonne natural gas 
produced/day, and the power requirement of the simp.e nitrogen refrigeration cycle 
shown .n Figure 2 is about 27 kW/tonne natural gas produced/day. This shows that the 
process of the present invention is much more efficient than the simple refrigeration 
cycle. 

Whilst certain embodiments of the invention have been described herein, 
it will be appreciated that the invention may be modified. 

For the avoidance of doubt, the term "comprising" as used in this 
specification means "includes". 
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1 • A na tural gas liquefaction process comprising passing natural gas through 

a series of heat exchangers in countercurrent relationship with a gaseous refrigerant 
circulated through a work expansion cycle, said work expansion cycle comprising 
compressing the refrigerant, dividing and cooling the refrigerant to produce at least first 
and second cooled refrigerant streams, substantially isentropically expanding the first 
refrigerant stream to a coolest refrigerant temperature, substantially isentropically 
expanding the second refrigerant stream to an intermediate refrigerant temperature 
warmer than said coolest refrigerant temperature, and delivering the refrigerant in the 
first and second refrigerant streams to a respective heat exchanger for cooling the 
natural gas through corresponding temperature ranges, wherein the refrigerant in the 
first stream is isentropically expanded to a pressure at least 10 times greater than the 
total pressure drop of the first refrigerant stream across said series of heat exchangers. 
15 said pressure being in the range 1.2 to 2.5 MPa. 

2. A process according to claim 1 , wherein the refrigerant is compressed to 

a pressure in the range 5.5 to 1 0 MPa. 

20 3 " A Process according to claim 1 or 2, wherein the first stream is 

isentropically expanded to a pressure in the range 1 .5 to 2.5 MPa. 

4. A process according to claim 1 , 2 or 3, wherein the refrigerant in the first 

stream is isentropically expanded to a pressure at least 20 times greater than the total, 
pressure drop of the first refrigerant stream across said series of heat exchangers. 



25 



5. A process according to claim 1 , 2, 3 or 4. wherein the refrigerant in the first 

stream is isentropically expanded to a pressure not more than 100 times greater than 
the total pressure drop of the first refrigerant stream across said seri s of heat 
30 exchangers. 

6 - A Process according to any preceding claim, wher in th refrigerant is 
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compressed to a pressure in the range 7.5 to 9.0 MPa, the refrigerant in the first 
refrigerant stream is expanded to a pressure in the range 1.7 to 2.0 MPa, and the 
refrigerant in the first stream is isentropically expanded to a pressure in the range 15 
to 20 times the total pressure drop of the first refrigerant stream across said series of 
heat exchangers. 

7 A process according to any preceding claim, wherein the series of heat 

exchangers includes a final heat exchanger that receives refrigerant from the first 
refrigerant stream, the relative flowrates of the first and second refrigerant streams are 
such that the warming curve for the refrigerant comprises a plurality of segments of 
different gradient, the refrigerant is warmed in said final heat exchanger to a 
temperature below -80°C, and the coolest refrigerant temperature and the flowrate of 
refrigerant in said first refrigerant stream are such that a part of the refrigerant warming 
curve relating to the final heat exchanger is at all times within 1 to 10«C of the 
corresponding part of the cooling curve for the natural gas. 

8: A process according to claim 7. wherein coolest refrigerant temperature 

and the flowrate of refrigerant in said first refrigerant stream is such that the part of the 
refrigerant warming curve relating to the final heat exchanger is at all times within 1 to 
20 5°C of the corresponding part of the cooling curve for the natural gas. 

9. A process according to claim 7 or 8. wherein the first refrigerant stream 
is combined with the second refrigerant stream after the first refrigerant stream has 
passed through the final heat exchanger, and said combined first and second refrigerant 
streams are delivered to the intermediate heat exchanger. 

10. A process according to any one of claims 1 to 9, wherein the coolest 
refrigerant temperature is no greater than -1 30°C. 

3011. A process according to any one of claims 1 to 9. wherein the coolest 

refrigerant temperature is in the range -140°C to -160°C. 
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12. 



A process according to any preceding claim, wherein the temperature of 
each refrigerant stream after each isentropic expansion is greater than 1 -2«C above the 
saturation temperature of the refrigerant, whereby the refrigerant is essentially dry. 

13. A process according to any preceding claim, wherein the second 
refrigerant stream is isentropically expanded to a pressure within 0.05 MPa of the 
pressure to which the first refrigerant stream is isentropically expanded. 

14. A process according to any preceding claim, further comprising cooling 
the refrigerant between the compression and isentropic expansion steps to a 
temperature in the range -10 to 20'C by countercurrent heat exchange with a liquid 



coolant. 
15 



A process according to claim 14, wherein the liquid coolant is water. 



16. A process according to any preceding claim, wherein the pressure of the 
natural gas fed to said series of heat exchangers is greater than 5.5 MPa. 

17. A process according to any preceding claim, wherein the refrigerant 
contains at least 50 vol% nitrogen. 

18. A process according to claim 17, wherein the refrigerant contains at least 
50 vol% nitrogen. 
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